Little is known about the effect of physical activity on diverticular complications. This study prospectively examined the associations between physical activity and diverticular bleeding and diverticulitis.
INTRODUCTION
Diverticulosis is one of the most common gastrointestinal disorders. An estimated two-third of adults will develop diverticulosis by the ninth decade (1) . Dietary ber historically has been considered as the predominant risk factor for the development of diverticulosis (2) . Evidence also suggests that a low-ber diet contributes to symptomatic diverticular disease, although most studies include only patients with nonspeci c gastrointestinal symptoms in the setting of diverticulosis, and not those with the objective and clinically relevant outcomes of diverticulitis and bleeding (3, 4) .
Other features of the Western or industrialized lifestyle parallel the adoption of a low-ber diet, and a number of these have been identi ed as potential risk factors for complicated diverticular disease. ese include red meat consumption, obesity, and the use of nonsteroidal anti-in ammatory drugs (NSAIDs) (5 -7) . Physical activity may reduce the risk of colon cancer and a number of other gastrointestinal disorders (8 -10) by decreasing transit time, in ammation, and colon pressures. ese proposed mechanisms may also be bene cial in diverticular disease.
In an earlier study of the rst 6 years of the Health Professionals Follow-up Study, our group found that physical activity COLON/SMALL BOWEL Strate et al.
was inversely associated with symptomatic diverticular disease (11) . However, this study was not powered adequately to examine diverticulitis and diverticular bleeding separate from nonspeci c gastrointestinal symptoms in the setting of diverticulosis, and did not adjust for body mass index (BMI) or for the use of NSAIDs. erefore, we aimed to use 18 years of prospective follow-up from the Health Professionals Follow-up Study for examining the associations between physical activity and diverticulitis and diverticular bleeding. We hypothesized that physical activity would be inversely related to both bleeding and diverticulitis, but that the magnitude of the e ect might di er.
METHODS
Participants were selected from the Health Professionals Follow-up Study, a study of 51,529 male dentists, veterinarians, pharmacists, optometrists, osteopathic physicians, and podiatrists aged 40 -75 years, who have been followed-up since 1986 by self-administered medical and dietary questionnaires. We included 47,228 men who at baseline were free of diverticulosis or its complications, cancer (except non-melanoma skin cancer), and in ammatory bowel disease, as well as those who answered the physical activity questions, and reported daily caloric intakes between 800 and 4,200 kcal / day.
Diverticulitis and diverticular bleeding cases
Incident diverticulosis and diverticulitis were assessed on the biennial follow-up questionnaires beginning in 1990. Men reporting these diagnoses received a ve-question supplemental questionnaire outlining diagnosis and treatment. Trained abstractors carried out double data entry. A study investigator (L.L.S) blinded to exposure status reviewed all questions pertaining to the data entry.
Diverticulitis and diverticular bleeding were the main study endpoints. Diverticulitis was de ned as the report of pain attributed to diverticular disease and one of the following: (1) stula, abscess, perforation, or obstruction; (2) treated with antibiotics, hospitalization, or surgery; and (3) categorized as severe or acute; presenting with fever, requiring medication, or evaluated with computed tomography. Diverticular bleeding was de ned as rectal bleeding attributed to diverticular disease and one of the following: (1) requiring hospitalization, intravenous uids, blood transfusions, angiography, nuclear medicine scanning, or surgery; (2) described as profuse; or (3) without other potential gastrointestinal, rectal, or anal sources in men whose bleeding was not evaluated as part of a routine endoscopy or barium enema. We used the rst two criteria for each endpoint de nition in sensitivity analyses for the endpoint denitions. ese de nitions took into account the large number of patients with diverticulitis, who are managed in the outpatient setting (12) . Men who reported asymptomatic diverticulosis or nonspeci c symptoms, such as pain or change in bowel habits, but who did not meet these criteria were considered to have uncomplicated diverticulosis.
A total of 179 available medical charts from men reporting diverticular disease in 1990 and 1992 were reviewed in order to assess the validity of self-report. Chart review con rmed a diagnosis of diverticular disease in 97 % of the cases. In 85 % of cases, the diagnosis in the medical record matched our outcome denitions based on self-report. Overall, 50 % of the non-concordant cases had a chart diagnosis of diverticulitis or diverticular bleeding, but were classi ed as uncomplicated disease based on the response to the supplemental questionnaire.
Physical activity assessment
Physical activity was assessed on biennial follow-up questionnaires. Beginning in 1986, participants were asked to note their average weekly time spent engaged in eight recreational activities during the previous year according to 13 response categories ranging from none to ≥ 40 h / week. Activities included walking, jogging (>10 min / mile), running ( ≤ 10 min / mile), bicycling (including stationary bike), lap swimming, tennis, squash or racquet ball, calisthenics, rowing, stair climber or ski machine. e number of ights of stairs climbed daily was also assessed. e reproducibility and validity of the physical activity questions was shown earlier in a random subset of 238 participants who returned a past-week recall and a 1-week activity diary during each of the four seasons (13) .
To calculate the total physical activity, each activity was assigned a MET score based on energy expenditure (14) . (One MET is de ned as the energy expended by a 70-kg adult while at rest.) e MET score was multiplied by the duration of activity in hours and expressed in MET-h / week. e MET-h / week of all the activities were summed for deriving the total energy expended during physical activity. Activities with a MET score of < 6 (walking, stair climbing) were classi ed as non-vigorous, and those with a MET score of ≥ 6 (all other speci ed activities) as vigorous. In addition, time spent in sedentary behaviors, such as sitting, watching television, and driving was collected beginning in 1988. Categories were created for missing values for the speci c activities (e.g., running).
Other potential risk factors
We also assessed a number of other factors that have been associated with diverticular bleeding or diverticulitis in our studies and in the literature. ese included BMI, use of NSAIDs and acetaminophen, and consumption of fat, ber, red meat, nuts, and popcorn (5,7,15 -19) . Dietary information was derived from a 131-item food frequency questionnaire mailed every 2 years. Dietary fat and ber were adjusted for a total caloric intake using regression analysis. Earlier studies in this cohort have shown the validity and reproducibility of the food frequency questionnaires and the self-reported anthropometric measurements (20, 21) .
Statistical analysis
Participant follow-up time accrued from the date of return of the baseline questionnaire to the rst of the following: date of diagnosis of diverticulosis or diverticular complica-
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tions, date of death, or the end of follow-up (31 December 2004) . Men who reported a new diagnosis of gastrointestinal cancer, in ammatory bowel disease, diverticulosis, or diverticular complications were censored at the date of diagnosis ( Figure 1 ). We censored men with a new diagnosis of uncomplicated diverticulosis because men with known asymptomatic diverticulosis likely represent a subset of men who have undergone lower endoscopy or abdominal imaging, and men with known diverticulosis are likely to alter their behaviors, which could bias the results. As a large number of men likely have undetected asymptomatic disease, su cient numbers remain to follow-up for the analysis.
We used Cox proportional hazards models for calculating age-adjusted and multivariable relative risks (RRs) and 95 % con dence intervals (CIs), comparing men in the highest vs. lowest categories of physical activity (22) . e age-adjusted models included age in 1-year intervals and study period in 2-year intervals. Multivariable models adjusted for age and study period, as well as sedentary behavior, BMI, use of NSAIDs, use of acetaminophen, dietary fat, ber, red meat, combined nut, corn and popcorn consumption, and total calories. Vigorous and non-vigorous activities were adjusted simultaneously when examined.
Cumulative updated physical activity was used in the main analyses as the best measure of long-term exposure. To calculate cumulative activity at the beginning of each follow-up period, the activity data from all earlier study periods were averaged. For example, the average of the 1986 and 1988 physical activity was used to calculate the risk for the period from 1988 to 1990. Simple updating (using data from the questionnaire immediately preceding the follow-up interval of interest) was used for the other covariates including BMI, medication use, and dietary intake. We categorized total, vigorous, and non-vigorous physical activity in quintiles. e BMI was divided into six categories, and all dietary variables into quintiles. e use of NSAIDs and acetaminophen were categorized as binary variables.
We used the median value in each physical activity category as a continuous variable to test for linear trend. e proportional hazards assumption was checked for physical activity by testing for a signi cant ( P < 0.05) time variation in the hazard ratio. ere were no signi cant departures. e SAS so ware, version 9.1 (SAS Institute Inc., Cary, NC) was used for the analyses. All reported values are two-sided, with a signi cance level of < 0.05. e study was approved by the institutional review boards of the Harvard School of Public Health and Brigham and Women ' s Hospital.
RESULTS
From 1986 to 2004 (730,446 person-years), we identi ed 800 incident cases of diverticulitis and 383 incident cases of diverticular bleeding.
e baseline characteristics according to total and vigorous physical activities and standardized for age and study period are shown in Table 1 . Men who exercised vigorously tended to be younger than those who did not, and physically active men were on average less likely to smoke and more likely to have a diet low in fat and red meat, and high in ber.
A statistically signi cant inverse association was seen between the total physical activity and the risk of diverticulitis and diverticular bleeding ( Tables 2 and 3 ). A er adjustment for other known or potential confounders, men in the highest quintile of physical activity ( ≥ 57.4 MET-h / week) had a 25 and 46 % reduction in the risk of diverticulitis and bleeding, respectively, compared with those in the lowest quintile ( ≤ 8.2 MET-h / week). Vigorous activity was also associated with a decreased risk of diverticulitis and diverticular bleeding in a highest to lowest quintile comparison (multivariable RR, 0.66; 95 % CI, 0.51 -0.86 and multivariable RR, 0.61; 95 % CI, 0.41 -0.90). However, nonvigorous activity was not signi cantly associated with either outcome. Time spent in sedentary behavior was also not signicantly associated with diverticulitis or diverticular bleeding.
We also examined the speci c vigorous activities (running / jogging, racquet ball, biking, swimming, tennis, rowing / calisthenics), as well as walking. Running was the only activity signi cantly associated with a decreased risk of diverticulitis. A er adjustment for total physical activity, the other vigorous activities, walking, sedentary hours, and other potential confounders, the RR for diverticulitis was 0.53 (95 % CI, 0.32 -0.88) in men who ran at least 24 MET-h / week when compared with men who did not run.
e magnitude of risk reduction was similar for diverticular bleeding, although the association did not reach statistical signi cance (multivariable RR, 0.52; 95 % CI, 0.23 -1.18). Racquet ball was also associated with a decreased risk of both diverticulitis and diverticular bleeding, but the power to detect a statistically signi cant result may have been limited. e multivariable RR was 0.68 (94 % CI, 0.37 -1.27) for diverticulitis and 0.50 (95 % CI, 0.15 -1.60) for bleeding, when comparing frequent with infrequent players. Walking was not associated with either outcome. e multivariable RR for diverticulitis was 1.06 (95 % CI, 0.78 -1.44) and for bleeding was 1.22 (95 % CI, 0.77 -1.92). We further explored the e ect of walking in older men (>70 years) and in men in the lowest two quintiles of vigorous activity, and again found no signi cant associations.
In addition to the cumulative updated activity, we analyzed baseline and recent activity, and found similar results. For recent activity using simple updating, the multivariable RR for the most physically active men was 0.79 (95 % CI, 0.63 -0.99) for diverticulitis and 0.59 (95 % CI, 0.42 -0.82) for bleeding when compared with the least active men. e multivariable RRs for baseline activity in 1986 were 0.78 (95 % CI, 0.61 -0.98) for diverticulitis and 0.61 (95 % CI, 0.44 -0.86) for bleeding.
We explored the possibility that the e ect of physical activity might di er in obese vs. non-obese individuals, by creating interaction terms between BMI ( < 25, 25 -29, ≥ 30) and physical activity (in tertiles). In adjusted analyses, the P for interaction was 0.34 for diverticulitis and 0.98 for bleeding, suggesting the absence of e ect modi cation by body size. Nevertheless, the risk associated with physical inactivity was greatest in obese men. e multivariable RR was 1.62 (95 % CI, 1.16 -2.26) for diverticulitis and 2.81 (95 % CI, 1.76 -4.46) for bleeding in men with a BMI ≥ 30 and in the lowest tertile of activity, compared with men with a BMI of < 25 in the highest tertile of activity.
We restricted the analysis to men who had undergone a lower endoscopy to investigate the possibility of detection bias. e results were unchanged for diverticular bleeding (multivariable RR, 0.49; 95 % CI, 0.31 -0.79), but lost signi cance for diverticulitis (multivariable RR 0.91; 95 % CI, 0.65 -1.26) in high-to lowactivity comparisons. We also carried out a sensitivity analysis for our study endpoints by including only men meeting either of the rst two outcome criteria. e magnitudes of the risk reductions were similar, but lost signi cance. e multivariable RR was 0.79 (95 % CI, 0.51 -1.22) for diverticulitis and 0.64 (95 % CI, 0.29 -1.41) for bleeding.
Finally, we studied the association between physical activity and uncomplicated diverticulosis (diverticulosis without diverticulitis or diverticular bleeding) in the subset of men who had undergone a lower endoscopy (in order to limit the possibility of detection bias). When comparing men in the highest quintile of activity to those in the lowest, the multivariable RR was 0.93 (95 % CI, 0.78 -1.12). However, men who spent 52 h / week in sedentary behaviors were at an increased risk of uncomplicated diverticulosis when compared with men who spent < 16 h / week (multivariable RR, 1.29; 95 % CI, 1.08 -1.54) ( Table 4 ). 
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only speci c activity associated with a signi cantly decreased risk. Men who were obese and inactive were at a particularly high risk of diverticular complications. Sedentary behaviors, but not recreational physical activity, signi cantly in uenced the risk of uncomplicated diverticulosis.
DISCUSSION
In this large prospective study of men, we found that physical activity signi cantly decreased the risk of diverticulitis and diverticular bleeding. is association was attributed to vigorous rather than non-vigorous exercise. In fact, running was the Our results verify and expand an earlier study from our group on physical activity and symptomatic diverticular disease (11) . In this prior study, diverticulitis and diverticular bleeding were studied as a combined endpoint using a less-speci c de nition that included nonspeci c abdominal pain, change in bowel movements, and low-grade or occult bleeding in the setting of diverticulosis. We utilized 12 additional years of follow-up for studying diverticulitis and diverticular bleeding, separate from uncomplicated diverticulosis. is is important because bleeding and diverticulitis are thought to arise through di erent bio- The total numbers of cases may vary because of missing values. Age-adjusted models include age in 1-year intervals and study period in 2-year intervals. 
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matory process in diverticulitis (23, 24) . Moreover, it is di cult to ascribe chronic blood loss and nonspeci c or functional gastrointestinal complaints to diverticular disease, and physical activity might ameliorate the latter. e increased sample size logic mechanisms. On the basis of histological studies, bleeding appears to occur as a result of chronic vascular injury to the vasa recta in the absence of in ammation or diverticulitis, whereas obstruction, trauma, or bacterial stasis might trigger an in am- also improved our ability to analyze the in uence of speci c recreational activities. In addition, we made adjustments for obesity and the use of NSAIDs, both risk factors for diverticulitis and diverticular bleeding that are potentially linked to physical activity. We also studied the e ect of timing of exercise, and the interaction between physical activity and BMI.
Long-term physical activity is believed to have a number of positive e ects on the digestive system, and may reduce the risk of other gastrointestinal disorders including certain cancers, cholelithiasis, and gastrointestinal bleeding through a variety of proposed but poorly understood mechanisms (8 -10,25,26) . Of particular relevance to our ndings, the up and down motion of jogging and running may impart distinct bene ts to the colon perhaps by stimulating defecation (27) . Physical activity may also decrease intra-colonic pressure, which is felt to play a key role in the development of diverticular complications, ostensibly through alterations in intestinal autonomic activity (28) and / or transit time (29 -31) . Decreases in colon transit time may also prevent stasis of bacteria and other toxins (32) . Exercise is also known to a ect a variety of hormones, which can in uence gastrointestinal motility and secretion, such as prostaglandins, catecholamines, and motilin (27) . Long-term physical activity could protect against the chronic vascular changes found at sites of diverticular bleeding (33) . Finally, physical activity might modulate intestinal immune function and in ammation (30, 34) .
Our results suggest that vigorous activities, and perhaps running speci cally, underlie the bene cial e ects of activity on diverticulitis and diverticular bleeding. is is in contrast to many other medical disorders, for which walking and other moderate activities have a protective e ect (35 -38) . ese ndings are unlikely to have been the result of an inadequate assessment of less vigorous activities. Non-vigorous activities have been associated with a number of other outcomes in the Health Professionals cohort, including colon cancer and cardiovascular disease (39, 40) . It is also unlikely that vigorous activity obscured any true e ect of non-vigorous activity, because our results were similar in a sub-analysis of men in the lowest two quintiles of vigorous activity.
In our study, we found no relationship between uncomplicated diverticulosis (diverticulosis without diverticulitis or diverticular bleeding) and physical activity. However, men who spent the most hours in sedentary behaviors (sitting) were at a 30 % increased risk of uncomplicated diverticulosis, a er adjustment for physical activity, dietary ber, and other potential confounders. is nding parallels a study in Greece, which found that the prevalence of diverticulosis was higher (although not statistically signi cant) in individuals with sedentary occupations compared with that in manual workers (41) . A sedentary lifestyle or prolonged sitting might predispose to the development of diverticulosis through alterations in colon transit (42) .
e consistent relationship between diverticulitis and bleeding and physical activity across time periods reinforces our ndings. It also suggests that both baseline and cumulative activity are important. Physical activity might also be correlated over time.
e prospective design, large sample size, and detailed, updated information on health-related exposures are the important strengths of this study. e univariate and multivariable analyses produced similar results, suggesting that physical activity has an independent e ect on diverticular bleeding and diverticulitis apart from other aspects of a healthy lifestyle, such as diet and BMI. Nonetheless, the observational design does not enable us to exclude residual confounding or to make causal inferences. e self-reported nature of physical activity and diverticular outcomes is a potential limitation of our study. However, exposure and outcome data have been validated (13, 20, 21) , self-reports from health care professionals are more likely to be accurate, and our results were similar in a number of secondary analyses. Furthermore, exposure data were reported before the outcomes, so any misclassi cation is likely to have been random and to have diminished any true association. Our study did not evaluate occupational physical activity, as this is presumably low among healthcare professionals. It is unknown whether our results can be generalized to women, younger age groups, or non-health professionals; although gender di erences in diverticular disease or exercise and the gastrointestinal tract have not been shown clearly.
In conclusion, we found inverse associations between physical activity and diverticulitis and diverticular bleeding, which were largely because of the in uence of vigorous activity. Men who engaged in at least 28 MET-h / week of vigorous physical activity ( ~ 3 h of running) had a 34 % reduction in the risk of diverticulitis and a 39 % reduction in the risk of diverticular bleeding, when compared with men who did not exercise vigorously. ese ndings suggest a role for exercise in the prevention of diverticular complications, although the level of activity needed might be higher than that recommended for the prevention of other chronic diseases (38) . Indeed, running was the only speci c activity to show a statistically signi cant bene t.
e prevalence of diverticular disease, the substantial risk for recurrent events, and the need for preventative strategies short of prophylactic colectomy highlight the implications of these ndings for clinical care and public health.
